Prepulse inhibition (PPI), whereby the startle eyeblink response is inhibited by a relatively weak non-startling stimulus preceding the powerful startle eliciting stimulus, is a measure of sensorimotor gating and has been shown to be deficient in schizophrenia patients. There is considerable interest in whether conventional and/or atypical antipsychotic medications can "normalize" PPI deficits in schizophrenia patients. 51 schizophrenia patients participated in a randomized, double-blind controlled trial on the effects of three commonly-prescribed antipsychotic medications (risperidone, olanzapine, or haloperidol) on PPI, startle habituation, and startle reactivity. Patients were tested at baseline, Week 4 and Week 8. Mixed model regression analyses revealed that olanzapine significantly improved PPI from Week 4 to Week 8, and that at Week 8 patients receiving olanzapine produced significantly greater PPI than those receiving risperidone, but not haloperidol. There were no effects of medication on startle habituation or startle reactivity. These results support the conclusion that olanzapine effectively increased PPI in schizophrenia patients, but that risperidone and haloperidol had no such effects. The results are discussed in terms of animal models, neural substrates, and treatment implications.
Introduction
Startle eyeblink modification, including prepulse inhibition (PPI) and habituation of the acoustic startle response has been extensively used, mainly to examine sensorimotor gating deficits in schizophrenia (Braff et al., 1978 (Braff et al., , 2001b Hazlett et al., 1998; Kumari et al., 2002; Wynn et al., 2004) . PPI usually refers to an auditory based paradigm in which a brief, non-startling stimulus (called a prepulse) shortly precedes a strong, sudden-onset startling stimulus, resulting in a reduction in the startle eyeblink compared to when the startling stimulus is presented alone (Graham, 1975) . Depending on the interval between the prepulse and the pulse stimulus (termed the interstimulus (ISI) or lead interval), startle can either be inhibited (at ISIs b 500 ms) or facilitated (at ISIs N 1000 ms), with maximal PPI seen at approximately 60 to 120 ms (Blumenthal, 1999; Graham, 1975; Hsieh et al., 2006; Wynn et al., 2000) .
Deficits in sensorimotor gating, including PPI deficits and sometimes startle habituation deficits, have been observed in schizophrenia patients. PPI deficits in schizophrenia have been reported in many laboratories in a typical automatic processing paradigm (Braff et al., 1978 Grillon et al., 1992; Hong et al., 2007; Kumari et al., 2000; Ludewig et al., 2002; Parwani et al., 2000) , startle habituation deficits are sometimes seen in schizophrenia patients (e.g., Akdag et al., 2003; Braff et al., 1992; Ludewig et al., 2003; Meincke et al., 2004; Parwani et al., 2000) , though normal habituation has been reported as well (e.g., Braff et al., 2005; Kumari et al., 2004; Quednow et al., 2006) probably reflecting cohort or parametric effects. Other PPI deficits have been noted in patients' ability to modulate PPI with attention to the prepulse (Dawson et al., 1993 Hazlett et al., 1998 Hazlett et al., , 2007 . There is an extensive literature on PPI, its neurobiology and its medication effects (e.g., Braff et al., 2001b; Geyer et al., 2001; Swerdlow et al., 2001) .
Several between subject, non-prospective studies of the effects of antipsychotic medications on PPI in schizophrenia revealed that patients treated with atypical medications have higher levels of PPI compared to those treated with conventional medications (Kumari et al., 1999 (Kumari et al., , 2000 (Kumari et al., , 2002 Leumann et al., 2002; Oranje et al., 2002) . However, some studies have failed to show that either atypical or conventional antipsychotic medications are lawfully associated with PPI in schizophrenia patients (Duncan et al., 2003) . Only two studies have employed a randomized, controlled design, which permits stronger interpretation of findings.
One study (Mackeprang et al., 2002 ) randomized a group of young (approximately 27 years of age), nevermedicated schizophrenia patients to either a conventional antipsychotic (zuclopenthixol) or an atypical antipsychotic (risperidone). Neither antipsychotic improved PPI relative to normal controls, and PPI between the two treatment groups was comparable.
In the second study (Quednow et al., 2006) 37 patients with schizophrenia were randomized to amisulpride (a pure dopamine D 2 /D 3 receptor antagonist) or olanzapine and compared to normal control subjects at baseline, 4 weeks and 8 weeks. Both antipsychotic medications reversed PPI deficits, with both medication groups showing comparable PPI, though the interpretation of results was difficult because the reversal of PPI deficits could be attributed to habituation of PPI in controls across test sessions.
In the current study, we examined the effects of three antipsychotic medications on PPI, startle habituation and startle reactivity in schizophrenia patients in a randomized, double-blind study comparing olanzapine, risperidone and haloperidol. Patients with schizophrenia and schizoaffective disorder were assessed for PPI levels at baseline and at 4 and 8 weeks after treatment with the expectation that olanzapine and risperidone would have beneficial effects on PPI compared with haloperidol.
Methods

Participants and inclusion criteria
100 patients who met DSM-IV criteria for schizophrenia or schizoaffective disorder (both bipolar and depressive subtypes) were initially enrolled at the VA Greater Los Angeles Healthcare System, the VA Long Beach Healthcare System, and the San Diego VA Medical Center. Eighty-one percent of the subject had a diagnosis of schizophrenia and 19% had a diagnosis of schizoaffective disorder. In addition to the psychophysiology measures, this study had a second component (social cognitive and neurocognitive performance measures) that will be presented separately. Patients had to be between the ages of 18-60 and competent to provide informed consent. Patients were excluded for mental retardation, identifiable neurological conditions, and alcohol and substance dependence in the last six months (urine toxicology screens were administered at each test session to ensure no subject was actively abusing substances or alcohol). Of the 100 patients enrolled, 90 received a baseline startle assessment. Nine were subsequently dropped from analysis due to equipment malfunction, 4 were dropped due to non-responsiveness (see criteria below), and 26 received only a baseline assessment. Thus, a total of 51 patients who received a baseline assessment and at least one follow up assessment were included in the analysis (Los Angeles: 19 at baseline, 19 at week 4, 9 at week 8; Long Beach: 27 at baseline, 25 at week 4, 23 at week 8; San Diego: 5 at baseline, 5 at week 4, 4 at week 8). See Table 1 for a description of patients randomized to each group and how many patients completed assessments at each week. There were no significant differences in baseline PPI or symptom ratings between non-completers (those receiving only a baseline PPI assessment) and completers (those receiving a baseline PPI assessment and at least one follow up PPI assessment).
All procedures were approved by the Institutional Review Boards (IRB) at each site. All subjects were screened for the ability to provide informed consent and provided signed informed consent when they enrolled in the study.
Medication and randomization
Patients were initially enrolled and tested at baseline on their current medication with no medication washout period. Patients receiving oral medication were given baseline assessments immediately. Those on depot medications were converted to an oral administration of the same medication and were given baseline assessments eight weeks after their last depot injection, while they were taking oral medications. Thirty patients were taking atypical antipsychotic medications at baseline, 15 were taking conventional antipsychotics, and 6 were not taking any antipsychotics at baseline (see Table 2 for a group breakdown of baseline medication; there was no significant difference between groups on type of antipsychotic medication at baseline).
Patients were randomized to receive either 4 mg of risperidone, 15 mg of olanzapine, or 8 mg of haloperidol. Two randomizations were used. One was a simple (1:1:1) randomization for the three medications. However, if patients had a history of adverse experiences, based on patient or clinician reports, with haloperidol, we used a two-way (1:1) randomization for risperidone and olanzapine only. Because of these two randomization methods, we had fewer subjects assigned to haloperidol than the other two medications. Thirtythree patients were assigned to the three-arm randomization (10 from Los Angeles, 22 from Long Beach, and 1 from San Diego) and 18 patients were assigned to the two-arm randomization (9 from Los Angeles, 5 from Long Beach, and 4 from San Diego). Random assignment of patients was stratified within each site and blocked in sets of 15 (for the three-way randomization) to keep groups relatively balanced throughout the study. During the first two weeks of the study, patients' current medications were reduced and discontinued as their study medication was brought to full dose by day 14. Patients were allowed the following concomitant medications: valproate, SSRI antidepressants, antiparkinsonian medications (including anticholinergics and amantadine), and lorazepam. However, benzodiazpenes were not allowed on the day of testing.
Clinical assessments
All patients met criteria for schizophrenia based on interviews with the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID; First et al., 1997) . Interviewers were trained to administer the SCID through the Diagnosis and Psychopathology Unit of the UCLA Clinical Research Center for the Study of Schizophrenia and demonstrated agreement between their ratings and the consensus ratings of the Center's diagnosticians (minimum Kappa coefficient of .75). Symptom ratings were assessed at each testing session with the Brief Psychiatric Rating Scale (BPRS; Ventura et al., 1993) and the Scale for the Assessment of Negative Symptoms (SANS; Andreasen, 1989) .
Procedure
Participants were administered the same startle and prepulse inhibition assessment at three points: at baseline, at 4 weeks, and at 8 weeks. Before each assessment, participants had their hearing screened and were excluded if they could not detect 500, 1000 or 6000 Hz tones at 45 dB or less in either ear.
Subjects were seated in a comfortable chair during testing. Two 4-mm Ag/AgCl electrodes were positioned at the outer canthus and 1 mm medial to the outer canthus over the orbicularis oculi muscle of the eye. The intention was to record only from the right eye, but due to a procedural error, 14 patients had EMG measured from the left eye: 6 from the risperidone group, 5 from the olanzapine group, and 3 from the haloperidol group. Nearly all studies that have examined PPI and habituation of startle across both eyes have failed to identify main effects of left vs. right eye or higher order interactions with eye (Braff et al., 2001a; Swerdlow et al., 2006) . The left eye assessments did not differ from right in amount of startle or prepulse inhibition, thus eye position was not considered further. Impedance was kept below 10 kΩ. A ground electrode was placed behind the right mastoid.
EMG was recorded using a San Diego Instruments computerized startle response system. EMG was bandpass filtered at 100-1000 Hz, and was rectified and digitized at 1000 Hz for 0-250 ms post-startle stimulus onset. Startle magnitude was defined as the difference between baseline to peak within a window of 20-100 ms following startle stimulus onset. Scoring of startle data was done blind to the participant's group assignment.
The session began with a 5 min acclimation period during which a 70 dB sound pressure level (SPL) continuous white noise background was presented; this background noise was present throughout the rest of the session. Startle stimuli were 115 dB SPL 40 ms white noise bursts. Two dB levels of the prepulse and two lead intervals were used to examine the effects of these parameter manipulations on PPI, not to examine treatment effects. Prepulse stimuli were 20 ms white noise bursts either 8 dB SPL or 16 dB SPL above background. Prepulses were presented at lead intervals of either 30 or 120 ms. Five startle-alone stimuli were presented in the first (Block 1) and last (Block 4) block. Blocks 2 and 3 contained a fixed pseudo-random order of startle alone and prepulse trials. Twelve startle alone and 6 of each of the four types of prepulse (i.e., 2 lead intervals and 2 dB levels of prepulse) were presented in blocks 2 and 3. Prepulse scores were averaged across blocks and used in the analysis. Intertrial intervals averaged 16 s (range 9-23 s).
A session was considered to be valid if subjects' average startle amplitude in the second block was greater than 3.0 analog/digital units (ADUs). Sessions with an average startle amplitude in the second block less than 3.0 ADUs were not considered to be valid because a reliable eyeblink could not be measured. Each ADU unit is approximately 1.67 μV.
Prepulse inhibition was calculated with the following formula: 100 − ((prepulse amplitude/startle amplitude) * 100), with positive scores indicating startle inhibition. Because we were not interested in the treatment effects across all parameter combinations, we simplified analyses and analyzed data separately for the 30-and 120-ms lead intervals that were 16 dB above background.
Two secondary measures were analyzed. Habituation of the average startle response across each block within and between each test session was analyzed. Startle reactivity, defined as the average startle amplitude in the first block, was also analyzed.
Statistical analysis
Fifty-one patients who had one valid baseline session and at least one other valid test session at either week 4 or 8 were included in the analysis. The analyses of PPI and startle reactivity were mixed effects regressions with medication included as a between-groups effect with three levels, and repeated measures at weeks 4 and 8. The analysis specified an unstructured covariance matrix and assumed data were missing at random. When site was included as a random effect, the variance component was estimated as zero. Dependent variables were PPI and startle reactivity. Baseline measures were included as covariates in all analyses. Follow-up pairwise t-tests were performed across time both between and within groups. A change score created by subtracting startle amplitude in block 1 from the startle amplitude in block 4 was used to examine habituation. A drug by time mixed effects analysis, using baseline habituation as a covariate, was used to analyze habituation of the startle response. For PPI only, a separate analysis was performed to determine whether changes in symptoms may have affected the results. The positive and negative symptom summary scores from the BPRS were entered into the analysis as covariates.
Results
Demographic data and clinical symptom ratings
Demographic data and clinical symptoms can be seen in Table 2 . As can be seen, the schizophrenia patients were predominantly male and consisted of a large proportion of African Americans (54%). The olanzapine group tended to have more Caucasians than African Americans (Chi-square = 5.20, p b .08). However, there was no difference in PPI between ethnic groups at baseline (Cohen's d = .10, p N .7) therefore ethnicity was not considered further in the analyses. There were no differences between groups on age, education, or symptom ratings at baseline. Symptom ratings at baseline did not correlate with prepulse inhibition at baseline and were not included as a covariate in analyses.
Prepulse inhibition
There were no significant differences in baseline PPI assessed with the 30-ms lead interval among the three treatment groups (F(2,50) = 0.5, p b . 60), with means (standard deviations) of 38.4% (26.3%) for risperidone, 31.3% (30.4%) for olanzapine, and 27.4% (33.8%) for haloperidol. There were no significant differences in baseline PPI assessed with the 120-ms lead interval among the three treatment groups (F(2,50) = 2.0, p b . 15), with means (standard deviations) of 62.4% (20.3%) for risperidone, 54.9% (24.7%) for olanzapine, and 38.8% (51.9%) for haloperidol. Least squares adjusted means for PPI assessed with the 120-ms lead interval for each group for weeks 4 and 8 are shown in Fig. 1 . A horizontal line indicates the average baseline PPI across the three groups. A 2 (Week 4, Week 8) × 3 (group: risperidone, olanzapine, haloperidol) mixed effects regression, using baseline as a covariate, was used to analyze PPI, separately for the 30-and 120-ms lead interval conditions. Analysis of PPI assessed with a 30-ms lead interval revealed no significant main effect of drug (F(2,76) = .58, p b .57), test session (F(1, 76) = .09, p b .76), or drug × test session interaction (F(2,76) = .77, p b .47). Analysis of PPI assessed with a 120-ms lead interval revealed no effect of drug (F(2,76) = .75, p b .50) or of test session (F(1,76) = 1.01, p b .40), but did reveal a significant drug × test session interaction (F (2,76) = 4.81, p b .02). Follow-up t-tests on the least square means revealed significantly greater improvement in PPI at week 8 (69.48%) vs. week 4 (45.18%) for patients receiving olanzapine (t(76) = 3.27, p b .01) and significantly greater improvement in PPI for patients receiving olanzapine (69.48%) vs. patients receiving risperidone (44.25%) at week 8 (t(76) = 2.92, p b .01). There were no changes in the main results when entering the symptom ratings as covariates.
Habituation
A 2 (Week 4, Week 8) × 3 (group: risperidone, olanzapine, risperidone) mixed effects regression, using baseline as a covariate, was used to analyze startle habituation. Analysis of the change in amplitude from block 1 to block 4 revealed no significant main effects of test session or medication group and no significant interaction between the two (F's b 2.02, p's N .14). Unadjusted means and standard deviations of pulse-alone startle amplitudes for each test occasion for each group can be seen in Table 3 .
Startle reactivity
Startle reactivity, defined as the mean startle amplitude in block 1 (see Table 3 for unadjusted means) was analyzed with a 2 (Week 4, Week 8) × 3 (group: risperidone, olanzapine, risperidone) mixed effects regression, using baseline as a covariate. There were no significant main effects of test session or medication group nor was the interaction between the two significant (F's b 1.4, p's N .25) . 
Discussion
The present study found that schizophrenia patients receiving olanzapine showed a significant increase in PPI over time (the other two groups did not), and greater PPI compared to patients receiving risperidone after 8 weeks of treatment. There were no effects of medication or time, despite equivalent baseline scores, on either startle habituation or startle reactivity.
These findings are mainly consistent with prior studies examining effects of antipsychotic medication on PPI in schizophrenia patients. Several uncontrolled studies have reported improvement in PPI with atypical antipsychotic medications, showing superiority of atypical vs. conventional medication in reversing PPI deficits or showing atypicals normalizing PPI compared to normal controls. However, to date only two of these studies utilized a randomized design. Quednow et al. (2006) , utilizing a longitudinal, double-blind design, showed that both amisulpride and olanzapine improved PPI in schizophrenia patients, with no difference in PPI between the two medication groups, providing support that D2/D3 antagonists reverse schizophrenia-related PPI deficits. However, the "improvement" in PPI was seen only in comparison to normal controls, whose PPI habituated across test sessions. For the schizophrenia patients, there was very little change in PPI in either medication group. However, Mackeprang et al. (2002) , utilizing a randomized but not double-blind design, found no differences in PPI in patients randomized to either conventional or atypical antipsychotics, with both groups showing lower PPI compared to normal controls.
Our results are also consistent with findings in animal models of disrupted PPI. These animal studies show that both conventional and atypical antipsychotic medications reverse apomorphine-induced deficits in PPI (Swerdlow et al., 1994) . In contrast, olanzapine (but not risperidone or haloperidol) is highly effective at reversing NMDA antagonist-induced PPI deficits, mostly in rodent models (Bakshi and Geyer, 1995; Duncan et al., 2000; Geyer et al., 2001) . In general, rodent model studies show that NMDA antagonist-induced PPI deficits are selectively reversed by second-vs. first-generation antipsychotic medications (Bubenikova et al., 2005; Geyer and Ellenbroek, 2003; Geyer et al., 2001) . The results from the current study are consistent with this animal literature in NMDA models. However, the specific mechanisms for such differences in PPI effects remain unknown. Also, despite the moderate to high level of homology between rodents and humans, key differences make inferences based on animal model studies of the NMDA system challenging. For example, the glutamate antagonist ketamine has been observed to increase PPI in normal human subjects, which is opposite from what would be predicted based on the animal literature (for discussion see Braff et al., 2001b) .
The study merits a few caveats: First, the study did not include healthy controls, so we cannot compare PPI in the patients at baseline to controls, and do not know if antipsychotic medication restored PPI to normal levels. However, it appears that the schizophrenia patients are within the range of "normal" PPI by week 8, based on the reported means from normal controls in previous reports (e.g., Braff et al., 2001a; Quednow et al., 2006; Swerdlow et al., 2007) . Second, there were fewer subjects in the haloperidol group, and few who completed testing, compared to the other two randomization groups, potentially limiting the conclusions about the effectiveness of haloperidol in improving PPI. Future studies will need to ensure that adequate numbers of subjects are included in each group.
Third, smoking was not controlled in this study (and almost all similar studies). It has been demonstrated that nicotine administration briefly enhances PPI in normal controls (Duncan et al., 2001; Kumari et al., 1996 Kumari et al., , 1997 Postma et al., 2006) . Furthermore, it has been demonstrated that schizophrenia patients who smoked immediately prior to a PPI session (b5 min) produced greater PPI compared to patients who did not smoke within an hour of testing (Kumari et al., 2001) . Although smoking might have influenced the results, it is probable that randomization would have equalized this factor across groups. Future longitudinal studies should more rigorously control for smoking (e.g., Swerdlow et al., 2006) . Fourth, menstrual cycle phase (i.e., follicular vs. luteal phase) was not measured in women who were menstruating. It has been shown that women in the luteal phase, but not the follicular phase, show lower PPI than men (Jovanovic et al., 2004; Swerdlow et al., 1997) . It is possible that women who were menstruating and in the luteal phase may have shown lower PPI thus affecting the results of the current study. Future studies will need to control for menstrual cycle phase in women.
Fifth, the olanzapine group showed a trend to have a relatively larger proportion of Caucasians compared to the other two groups. While no study to our knowledge has examined differences in PPI or startle between Caucasians and African Americans, it is possible that racial differences exist. Importantly, there were no differences in PPI (or startle amplitude) between African American and Caucasian schizophrenia patients at baseline, consistent with the observation of non-significant racial effects in PPI for normal Caucasians and Asian Americans . In addition, ongoing studies of PPI as one endophenotype in the Consortium on the Genetics of Schizophrenia (COGS) should ultimately clarify these racial results (Braff et al., 2007; Turetsky et al., 2007) . Another consideration is that the study used fixed doses of antipsychotic medication. The doses of medications used in the current study were chosen to approximate modal doses for Veterans Administration Health Services patients at the time of study initiation. It is possible that different doses of risperidone or haloperidol might have resulted in improvements in PPI, particularly since it has been suggested that "effective" doses of conventional medications may also enhance PPI (Weike et al., 2000) . Further controlled studies should examine the effects of dose response curves of these medications on PPI in schizophrenia patients. A final caveat is the relatively short duration of the current study. It is possible that significant PPI improvements could be seen with risperidone or haloperidol given a longer study period.
In conclusion, this study found that olanzapine significantly improved PPI in schizophrenia patients, expanding upon past findings from schizophrenia patients and rodent models delineating the effects and mechanism of action of antipsychotic medications on PPI. This is the first longitudinal randomized, double-blind controlled trial of three commonly prescribed antipsychotic medications that examine PPI in schizophrenia patients. The broader implications of medication-induced changes in PPI are not known, but may have functional and endophenotypic/genetic implications based on a recent report of an association between higher levels of PPI and higher global functioning . In addition, understanding pharmacogenetic factors that influence PPI response to medications may be complementary to information being gained about the genetic architecture underlying PPI (Braff et al., 2007) .
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